Intact mesophyll and bundle sheath chloroplasts were isolated from the NADP-ma}ic enzyme type C4 plants maize, sorghum (monocots), and Fla,era tnnervia (dicot) using enzymic digestion and mechanical isolation techniques. Bundle sheath chloroplasts of this C4 subgroup tend to be agranal and were previously reported to be deficient in photosystem H activity. However, following injection of intact bundle sheath chloroplasts into hypotonic medium, thylakoids had high Hill reaction activity, similr to that of mesophyll chloroplasts with the Hill oxidants dichlorophenolindophenol, p-benzoquinone, and ferricyanide (approximately 200 to 300 micromoles 02 evolved per mg chlorophyll per hour). In comparison to that of mesophyll chloroplasts, the Hill reaction activity of bundle sheath chloroplasts of maize and sorghum was labile and lost activity during assay. Bundle sheath chloroplasts of maize also exhibited some capacity for 3-phosphoglycerate dependent 02 evolution (29 to 58 micromoles 02 evolved per mill4gam chlorophyll per hour). Both the mesophyll and bundle sheath chloroplasts were equally effective in light dependent scavenging of hydrogen peroxide. The results suggest that both chloroplast types have noncycic electron transport and the enzymology to reduce hydrogen peroxide to water. The activities of ascorbate peroxidase from these chloroplast types was consistent with their capacity to scavenge hydrogen peroxide.
In chloroplasts, through pseudocyclic electron flow, 02 iS photoreduced and the superoxide anion radical produced (3) .. Besides the potential for provision of additional ATP to the chloroplast, the photoreduction of 02 is an unavoidable process when the CO2 supply is limited as has been observed in leaves, isolated cells and chloroplasts (4, 5, 7, 13, 14, 23, 28, 29, 33) . This can result in the formation of 02 and H202 in the chloroplast which, if not removed, can damage the photosynthetic apparatus and inhibit CO2 fixation (9, 20, 32) . Intact chloroplasts of C3 plants can scavenge hydrogen peroxide upon illumination.
02-is converted to H202 and 02 via superoxide dismutase, and H202 is then scavenged by ascorbate peroxidase (1, 17, 18, 25, 26) .
C4 plants are generally adapted to high light and high temperature, and in some cases, have tolerance ofdry conditions. These conditions could result in a higher potential for production of energy than for its utilization in CO2 fixation, which would favor the photoreduction of 02-In addition, there has been consider-'Supported by National Science Foundation grant DMB-8506197. able controversy over the capacity of bundle sheath chloroplasts of NADP-ME3 type species such as maize and sorghum for noncyclic and pseudocyclic electron flow (see Ref. 10) . The capacity of these chloroplasts for Hill reaction activity is important in considering whether they require a means of dissipating H202. In this study, we have isolated intact mesophyll and bundle sheath chloroplasts from NADP-ME type plants and measured their Hill reaction activities, capacities to scavenge H202 upon illumination, and ascorbate peroxidase activities.
MATERIALS AND METHODS Plant Growth. Flaveria trinervia, Zea mays, and Sorghum bicolor were grown in sterilized soil under natural illumination in a glasshouse maintained at 25 to 27/18 to 20C day/night temperature. Generally fully expanded leaves (third or fourth leaf from the bottom of the plant) were used for chloroplast isolation. With maize and sorghum the center portion ofthe leaf was taken and the tip and basal sections were discarded.
Effect of Blending Time on Activities Associated with Bundle Sheath Strand Preparations. Bundle sheath strands were isolated from maize and sorghum by blending leaf segments (approximately 2 x 10 mm) in a polytron for up to 150 s (setting 5-6) using a PT 35 probe. The blending medium contained 0.35 M sorbitol, 25 mM Hepes buffer (pH 7.6), and 1 mm EDTA. At given time intervals the tissue was filtered through a tea strainer (about 1 mm openings), a 500 Am nylon net, and an 80 Mm nylon mesh. The tissue which collected on the 80 Mm mesh was resuspended in 2 mM MgCl2, 50 mM Hepes buffer at pH 7.6 . The capacity for C02-and PGA + C02-dependent 02 evolution, the marker enzymes for mesophyll and bundle sheath cells, and the Chl a/b ratio were measured (see below and "Results" section).
Isolation of Bundle Sheath Chloroplasts (Method I) from Maize and Sorghum. One method, similar to the method of Jenkins and Boag (19) , was used to isolate intact bundle sheath chloroplasts from maize and sorghum. Leaves were deribbed and then sliced into approximately 1 mm sections in a blending medium containing 0.35 M sorbitol, 25 mhs Hepes buffer (pH 7.6), and 1 mM EDTA. The leaf sections were homogenized in 100 ml of medium in a Polytron (setting 5-6) using a PT 35 probe giving one 15 s and four 30 s bursts. After each burst, the crude homogenate was filtered through two layers of wet Miracloth and the strands which were retained on the cloth were collected and resuspended in 100 ml of blending medium. Examination of the strands under a microscope showed there was little contamination by mesophyll cells. At the end of the homogenization, the remaining bundle sheath strands were suspended in a digestion medium containing 0.35 M sorbitol, 2% Onozuka cellulase RIO, and 0.3% Macerozyme RIO (Yakult Biochemical Co., Nishinomiya, Japan) at pH 5.7. After incubation for 15 min at 30°C, the bundle sheath strands were washed with the chloroplast isolation medium [330 sorbitol, 50 mm Hepes (pH 7.6), 10 mM MgCl2, and 5 mM ascorbate]. The bundle sheath strands were gently ground in a mortar (using only the weight of the pestle) for 15 to 30 s and the mixture was filtered through a 20 ,um nylon sieve. Portions of the crude chloroplast suspension were carefully layered onto 1 ml of 20% Percoll containing 50 mM Hepes buffer (pH 7.6), 0.33 M sorbitol, and 10 mM MgCl2 and centrifuged at 1000g for 5 min. The chloroplasts remaining in the supernatant were discarded. Those in the pellet were suspended, washed twice, and then resuspended in 50 mM Hepes buffer (pH 7.6) and 330 mM sorbitol. The yield of bundle sheath chloroplasts by this method was approximately 30 gg Chl from 10 g fresh weight of leaf material. The activity of NADP-ME was 340 ,mol mg-' Chl h-', the activity of NADP-MDH was only 18 Mmol mg-' Chl h-' (mesophyll chloroplast marker), while there was no detectable activity of PEP carboxylase (mesophyll cytosol marker).
Isolation of Bundle Sheath Chloroplasts (Method II) and Mesophyli Chloroplasts from Maize and Sorghum. Mesophyll protoplasts and bundle sheath strands were isolated enzymically from maize and sorghum according to established procedures (see Ref. 10) . Leaves (10-1 1 g fresh weight) were cut into 1 mm segments and added to 50 ml of digestion medium. The medium contained 0.5 M sorbitol, 1 mM CaCl2, 0.1% BSA, 2% Onozuka cellulase R0, and 0.3% Macerozyme R0 at pH 5.5. Following 2 to 3 h incubation at 28C under low light, mesophyll protoplasts and bundle sheath strands were isolated. The crude solution was filtered through a tea strainer (about 1 mm openings) to remove undigested tissue and the filtrate centrifuged for 3 min at 500g. The supernatant was discarded, and the pellet containing protoplasts and bundle sheath strands was washed once with 'wash medium' (5 mm Hepes buffer [pH 7.6], 0.5 M sorbitol, 1 mM MgCl2, 1 mm CaCl2, and 0.1% BSA). After centrifugation at 5OOg for 3 min, the pellet was resuspended in the wash medium, and the suspension filtered through a 500 Mm nylon mesh to further remove cell debris. The filtrate was then filtered through an 80 Mm nylon mesh, which retained the bundle sheath strands. The bundle sheath strands were suspended in 50 mM Hepes buffer (pH 7.6) containing 330 mM sorbitol. The mesophyll protoplasts were purified as previously described (see Ref. 10) .
As a second method for isolating bundle sheath chloroplasts (Method II) the bundle sheath strands were transferred to a 5 ml plastic syringe which had been modified by fitting a 20 ,um nylon mesh to its base. The strands were ruptured by gently pushing them against the mesh with the plunger. The bundle sheath chloroplasts were collected by centrifugation for 3 min at I000g, after which the chloroplast pellet was washed with the Hepessorbitol buffer. The yield was 40 to 50 Mg Chl and the Chl a/b ratio of the bundle sheath chloroplast preparations ranged from 6 to 8.
The mesophyll protoplasts were transferred to a S ml plastic syringe fitted with a 15 Mm nylon mesh and ruptured by drawing them through the mesh and ejecting three times. The mesophyll chloroplasts were collected by centrifugation at IOOOg for 3 min after which the pellet was washed and resuspended with the Hepes-sorbitol buffer. The yield was 200 to 300 MAg Chl and the Chl a/b ratio of the mesophyll chloroplasts ranged from 3 to 4. Besides use of microscopic examination and Chl a/b ratio measurements, purity was occasionally estimated by assaying the activity of marker enzymes of the mesophyll (NADP-MDH) and bundle sheath cells (NADP-ME). The activity of NADP-MDH in bundle sheath preparations (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) Mmol mg-' Chl h-') was only about 10% of that of mesophyll chloroplasts (300 umol mg-' Chl h-'). This was a minimum estimate of purity, since some activity may be located in bundle sheath cells. NADP-ME was not detected in mesophyll chloroplast preparations; the activity in bundle sheath chloroplasts was 70 to 90 Mmol mg-' Chl h-'. Higher activity of NADP-ME in bundle sheath chloroplast preparations was obtained in the previous method which included a Percoll purification step.
Isolation of Chloroplasts from F. trinervia. Mesophyll and bundle sheath protoplasts were isolated from F. trinervia and chloroplasts isolated from protoplasts as previously described (24) .
Photosynthetic O°Measurements. 02-evolution or -uptake was measured at 25°C using a Rank Brothers oxygen electrode. The reaction mixture of 1 ml was illuminated with an incandescent lamp giving an intensity at the surface of the cuvette of 1100 Mmol quanta m-2 s-' (400-700 nm).
Enzyme assays. Ascorbate peroxidase was assayed following the decrease in absorbance at 290 nm (extinction coefficient 2.8 mm-1 cm-') as ascorbate was oxidized (26) . The assays ofNADP-ME, PEP carboxylase, and NADPH-MDH were carried out essentially as previously reported (21).
Chlorophyll and Protein. Chl was determined according to Arnon (2) . Protein was determined spectrophotometrically using Coomassie brilliant blue R-250 (6).
RESULTS AND DISCUSSION Hill Reaction Activity and PGA Reduction by Isolated Bundle
Sheath Strands from Maize and Sorghum. Bundle sheath strands of maize were isolated at intervals up to 150 s following blending of leaf segments in a polytron. After 1 10 s of blending, the PEP carboxylase activity reached a very low level (4% of original leaf) while the Chl a/b ratio increased (from 3.6 to 7.5) and the NADP-ME reached a maximum value (2.5-fold the original leaf activity). These measurements, along with microscopic examination of the preparations, indicated that the bundle sheath strands were pure and free of mesophyll cells after 110 s of blending. Since all of the NADP-ME is located in bundle sheath strands (21), a 2.5-fold increase indicates that 40% of the leaf Chl is in bundle sheath cells and 60% is in the mesophyll cells. This is similar to the percentage distribution calculated from measurements of the Chl a/b ratio (22) . The rate of light dependent 02 evolution with the purified bundle sheath strands in the presence of CO2 + PGA was 30 ,mol mg-' Chl h-', which is consistent with results of Chapman et al. (8) , who obtained rates of 20 to 30 gmol mg-' Chl h-' in the presence of ribose 5-P and CO2. There was no 02 evolution with bundle sheath strands of maize in the presence of CO2 (Fig. 1) , which might be due to loss ofphotosynthetic metabolites during isolation. In comparing the purified strands of sorghum (after 150 s of blending) with the intact leaf, the Chl a/b ratio increased from 3.8 to 9.8, the activity of NADP-ME doubled (consistent with equal distribution of Chl between mesophyll and bundle sheath cells in sorghum) (22) , and the activity of PEP carboxylase decreased to 8% (data not shown). mg-' Chl h-' in an assay medium containing 330 mM sorbitol, 50 mm Hepes (pH 7.6), 2 mM Pi, and 5 mM PGA. These results further demonstrate that the bundle sheath chloroplasts have a significant capacity for photochemical generation of NADPH and reduction of PGA. Hill Reaction Activity of Mesophyll and Bundle Sheath Chloroplasts from Maize and Sorghum. Intact chloroplasts were isolated from bundle sheath strands (Method I) and mesophyll protoplasts. The Hill reaction was assayed by injecting intact chloroplasts into a hypotonic assay medium to release the thylakoids. High activity of the Hill reaction was obtained with both mesophyll and bundle sheath chloroplasts of maize and sorghum with DCIP, p-benzoquinone, and ferricyanide as Hill oxidants (Table I) . In this experiment with maize the activity was higher with DCIP and ferricyanide as oxidants than with p-benzoquinone. However, there was some variation among preparations. With seven preparations of maize bundle sheath chloroplasts, the average activity with DCIP was 190 ,umol 02 evolved mg-' Chl h-'. The activity with the mesophyll chloroplasts was relatively stable over a 5 min assay period. However, the Hill reaction activity with the bundle sheath thylakoids was labile and became inactive after about 5 min. There has been uncertainty over the level of Hill reaction in bundle sheath chloroplasts of maize and sorghum, although they have generally been considered deficient relative to mesophyll chloroplasts (see Ref. 10 for review). In previous studies with isolated bundle sheath thylakoids from maize, reports of Hill reaction activity have ranged from zero (30) up to rates about half that of spinach chloroplasts (16) . Two possible interpretations of the previous results are either the Hill reaction of isolated bundle sheath thylakoids of maize and sorghum is labile (accounting for the low activity in some reports), or there is an overestimation of activity due to contamination with mesophyll chloroplasts (accounting for higher activity in some reports). Hardt and Kok (16) suggested some damage occurred to maize thylakoids during isolation and noted variable activity in preparations. In some previous studies with isolated bundle sheath strands, very low Hill reaction was found in maize and no activity was detected in sorghum (with p-benzoquinone as the Hill oxidant). This is in contrast to substantial activities found in C4 species of other subgroups (22 (25, 26) for the C3 chloroplasts of spinach (in the latter case 100-250 Mmol 02 evolved mg-' Chl h-'). The time course of 02 evolution with addition of H202 to mesophyll and bundle sheath chloroplasts of maize is shown in Figure 1 . No 02 evolution occurred in the light prior to the addition of H202. After addition of 180 gM H202 there was an initial rapid rate of 02 evolution which gradually decreased, and ceased after about 7 min. Assuming all of the H202 is scavenged by the chloroplasts in both chloroplast types, there are approximately 0.5 mol of 02 evolved per mole of H202 consumed. This is the expected stoichiometry in the ascorbate/glutathione H202 scavenging system in C3 chloroplasts (1, 26) . As ascorbate reduces H202 to water, the dehydroascorbate formed is, in turn, reduced by glutathione. The oxidized glutathione is then reduced by the NADPH formed through noncyclic electron flow. Further evi- mg-' Chl h-') in both chloroplast types (data not shown). Subcellular Distribution of Ascorbate Peroxidase in C4 Plants. Since the H202 dependent 02 evolution suggested both mesophyll and bundle sheath chloroplasts have a mechanism for scavenging of H202, the activity of ascorbate peroxidase in these chloroplasts was determined. InC3 chloroplasts the reduction of H202 through ascorbate peroxidase is considered the initial step in dissipation of H202. Ascorbate peroxidase was found in leaf extracts of all three of the C4 species, with the highest activity in F. trinervia (Table III) . Evidence was found for ascorbate peroxidase in both mesophyll and bundle sheath chloroplasts of maize, sorghum and F. trinervia (Table III) . The activity of ascorbate peroxidase in spinach (C3) chloroplasts was 200 to 400 Mmol mg-' Chl h-' (26) . Similar activities were found in the C4 chloroplasts in the present study, except for the higher activity in F. trinervia mesophyll chloroplasts. The activity in mesophyll chloroplasts of F. trinervia was severalfold higher than that in bundle sheath chloroplasts. The activity of the enzyme was similar in mesophyll and bundle sheath chloroplasts of maize and sorghum. On a Chl basis, the enzyme activities were similar in mesophyll protoplasts versus mesophyll chloroplasts of the three species, and in bundle sheath protoplasts versus bundle sheath chloroplasts ofF. trinervia, suggesting that most of the enzyme may be located in the chloroplast. In the ascorbate/glutathione system, the required ratio of ascorbate peroxidase activity to 02 evolution with addition of H202 is 2:1. The activity of ascorbate peroxidase relative to H202 dependent 02 evolution in mesophyll and bundle sheath chloroplasts of maize and sorghum was similar. Thus, there is likely some loss of activity of ascorbate peroxidase during extraction. This is possible particularly since the enzyme from spinach has recently been shown to be labile (27) .
CONCLUDING REMARKS
The results of the present study show that the chloroplasts of mesophyll and bundle sheath cells from the three NADP-ME type C4 plants (F. trinervia, maize, and sorghum) have the capacity to scavenge H202. This might occur through H202 acting directly as a Hill oxidant or by reduction of H202 to H20 by a peroxidase reaction with an electron donor generated through noncyclic electron transport. The results support the latter supposition, in that H202 dependent 02 evolution occurred with a stochiometry of 2:1, it was inhibited by KCN and DCMU, and high activity of ascorbate peroxidase was found in both chloroplast types. In addition, it was previously found that both mesophyll and bundle sheath chloroplasts of maize and sorghum have equivalent activity of superoxide dismutase (12) , which may be used for disproportionation of the superoxide anion formed in pseudocyclic electron flow to hydrogen peroxide and ground state molecular oxygen. Superoxide dismutase and ascorbate peroxidase are the enzymes involved in the scavenging of active oxygen species which are produced by pseudocyclic electron transport in the chloroplast. Both chloroplast types can actively scavenge H202 in the light.
It is thought that a major photochemical activity in bundle sheath chloroplasts of maize and sorghum is cyclic photophosphorylation. However, the present results suggest that noncyclic and pseudocyclic electron transport may also generate ATP in these chloroplasts. An important feature of C4 photosynthesis in these species is the consumption of NADP and production of NADPH in bundle sheath chloroplasts during decarboxylation of malate through ME. Noncyclic electron flow to NADP would potentially compete with malic enzyme for substrate. However, pseudocyclic electron flow, which leads to the formation ofH202, would utilize NADPH through dehydroascorbate reductase allowing recycling of NADP for ME. In this case, regulation of the relative levels of noncyclic and pseudocyclic electron flow may be important for maintaining an optimum balance between reduced pyridine nucleotide and ATP.
While the present results show it is possible for bundle sheath chloroplasts of NADP-ME species to exhibit high Hill reaction activity and H202 scavenging equivalent to that of mesophyll chloroplasts, there are several reasons why PSII activity may be limited in bundle sheath chloroplasts in vivo. First, the bundle sheath chloroplasts of maize have a high Chl a/b ratio and a deficiency in the Chl a/b light harvesting complex (15, 30) , which may influence their efficiency in trapping light for PSII. Ghirardi and Melis (15) reported on two types of PSII reaction center complexes in maize. They found a deficiency of the PSIIa,, which is considered associated with the grana and the presence of PSll, which is considered associated with stroma exposed thylakoids. Whether there are significant rates of Hill reaction activity associated with PSII, under high light is uncertain.
It is also unclear how leaf age influences the Hill reaction capacity and H202 scavenging in the bundle sheath chloroplasts, e.g. in the younger tissue at the base of the leaf of maize and sorghum versus more mature tissue. Downton and Pyliotis (10) reported as sorghum bundle sheath chloroplasts lost grana during leaf development they also lost the ability for Hill reaction activity (using a histochemical technique with the Hill reagent tetranitro blue tetrazolium chloride). In the present study, bundle sheath strands isolated from leaves of maize plants ranging from 8 to 30 d old had equivalent capacity for scavenging H202 under high light. Schuster et al. (30) found PSII reaction center polypeptides of 44 to 47 kD were present in the thylakoids of mature bundle sheath chloroplasts. However, they found little or no LHCP, or of the 18, 25, or 32 kD polypeptides (02 evolving complex) in these thylakoids (6 cm from the tip of the third leaf of 2 week old seedlings). Recently, Sheen and Bogorad (31) found significant levels of LHCP and of three proteins of the oxygen evolving complex (33, 23 , and 16 kD) in thylakoids from maize bundle sheath cells. Whether there is a decline in LHCP and polypeptides associated with the PSII complex during maturation ofbundle sheath cells of maize and a concomitant decline in 02 evolution capacity is uncertain. Finally, Chapman et al. (8) found that malate depresses 02 evolution by bundle sheath cells of maize and inhibits photoreduction of NADP+, which likely limits the PSII activity in vivo.
In the future, analyses of the 02 evolution capacity under variablelight, the degree of grana formation, and the polypeptide composition of bundle sheath chloroplasts during leaf ontogeny will be required to relate composition to function.
